to comprise an additional related pair (1253 and 1001) of 
around 40 kDa and a single spot (1119) of around 28 kDa 
Because these two presumed proteins are present at sub- 

S ^ nU ^^°^ CrabundaDCCS lhan 413 - ud because ^e cvio- 
solic HMG-CoA synthase is reported to consist of onJvone 
type of polypeptide, they are likely to represent other! verv 
tightly coregulaied enzymes. A second group of six spots 
was selected based on a regulatory pattern close to the in- 
verse of that for spot 413 (MSN's 34.79. 178, 182,204,347* 
data not shown). For these proteins, the lowest level of ex- 
pression occurs with exposure to lovastatin plus cholestyra- 
mine and the highest level upon exposure to the high-cho- 
lesterol diet. Spots 182 and 79 are highly correlated and lie 
about one charge apart at the same molecular weight; they 
may thus be isoforms of a single protein. The other four 
spots probably represent additional enzymes or subunits. 

3J.2 MSN 235 and coregulated spots 

A third group of five spots, mainly comprised of mitochon- 
drial proteins including putative mitochondrial HMG- 
CoA synthase spots, showed a modest induction by lovasta- 
tin alone, but little or no efTect with any of the other treat- 
ments (including the combination of lovastatin and choles- 
tyramine; Fig. 12). This result is intriguing because lovasta- 
tin was expected to affect only the regulation of enzvmes of 
cholesterol synthesis, which is entirely extra-mi'tochon- 
dnal. Three of the spots (235. 134, 144) form a closely- 
packed triad at approximately 30 kDa, and are likely to re- 
present isoforms of one protein. All three spots are stained 
by an antibody to the mitochondrial form of HMG-CoA 
synthase obtained from Dr. Greenspan. Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about 69 kDa) are 
each present at lower abundance than the members of the 
triad. 
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proteins of the putative mitochondrial pathway 
much more variable in their expression in all groun, */ C Jo 
animation of all the coregulated groups suggests t hV tx ' 
tiiative statistical techniques can extract a wealth nf QUan * 
esting information from large sets of reproducible om ^ 
abundance of spots in the 413 coregulation group fori 
pie. shows an amazing level of concordance in their rn" 1 ' 
expression among the five individuals of the lovasJ^** 
cholestyramine treatment group. This efTect is noi d 
differences in total protein loading.since thevhave 
been removed by scaling, and since proteins with qu !ht 
ferent regulation patterns can be demonstrated < e • p- 
13). Such effects raise the possibility that man v gene coL. 
lation sets may be revealed through the studv of a [ f* 
ciently large population of control animals (i e with* 
any experimental manipulation). This approach exolohin 1 
natural biological variation in protein expression instead"? 
drug effects, offers an important incentive for the consirur 
tion of a large library of control animal patterns. 



4 Conclusions 

Because of the widespread use of rat liver in both basic bio- 
chemistry and in toxicology, there is a long-term need fora 
comprehensive database of liver proteins. The rat liver mas- 
ter pattern presented here has proven to be an accurate re- 
presentation of this system, having been matched to more 
than 700 gels to date. As the number of proteins identified 
and the number of compounds tested for gene expression 
effects grows, we expect this database to contribute valu- 
able insights into gene regulation. Its practical utility in sev- 
eral areas of mechanistic toxicology is already being de- 
monstrated. 

Received September II. 1991 



3 3 3 An example of an anti-synergistic effect 

A sixth spot (367) shows strong induction by lovastatin 
(two- to threefold), and about half as much induction with 
lovastatin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig 13) 
This protein is also mitochondrial, and represents the clear- 
est example of an anti-synergistic effect of lovastatin and 
cholestyramine. The existence of such an effect demon- 
strates that lovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

33.4 Complexity of the cholesterol synthesis pathway 

Taken together, these results suggest that treatment with lo- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other hand, either alone or in combination with lovastatin 
produces a strong effect on the putative cytosolic pathway! 
but hole or no effect on the putative mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin s effect on levels of HMG-CoA and related precursor 
compounds that are exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels. It remains to be explained why some 
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Figure A Synthetic representation of the standard rat liver 2-D master pattern, rendered as a greyscale image using a videoprimer. 
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Gel Y Coordinate 

figures. Plot of numberof amino acids versus gel Kposmon 
curve used to pred.ci molecular mass of unidemif.cd protons 
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4 Figure 7. (a) Pioi of computed isoelectric point versus gel Jt'-posiuon fo- 
two sets of carbamylated standard proteins (rabbit muscle CPK M and 
human hemoglobin 0 chain, filled diamonds) and several other proiemi 
(shaded squares), (b) The identities or the various proteins represented 
by the squares are indicated by the numbers in corresponding positions 
on (a); these refer to Table 4. 
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Figure 9. Montage showing effects in t*e 
region of MSN:4U.The monuge sho«i« 
small window into one portion of the 3-0 
pattern, one row of windows for each exp** 
rimental group, and one panel for each gel 
in the experiment. The left-most pane* 
in each row is a group-specific copy of ihr 
master pattern followed by the paiterm 
for the five individual rats in the f roup. 
The highlighted protein spots (filled arc* 
les) are spot 413 (on the right of each 9* 
el; identified as cyiosolic HMG-CoA*3J 
lhase) and two modified forms of it 
and 933). From the lop. the rows <exp* fl ' 
menu! groups) are: high cholesterol. «°** 
trols, cholestyramine, lovastatin, snd lo**" 
statin plus cholestyramine. 
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Figure 10. Bargraph showing the quantita- 
tive effects of various treatments on the 
abundance of MSN:413 (cyiosolic HMG- 
CoA synthase) in the gels of Fig. 9. 




Figure II. Bargraph s of a series of six core- 
gulated spots including MSN:413. In the 
bargraphs, the abundances of the appro- 
priate spot (master spot number shown at 
the top of the panel) in each animal are 
shown. The five five-animal groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovasutin, and 
lovasutin plus cholestyramine. Each bar 
within a group represents one experimen- 
tal animal liver (one 2-D gel). Note the cor- 
related expression of the 6 spots, espe- 
cially in the two far right (most strongly in- 
duced) groups. 
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Fifvre Data on a second coregulai? : 
group of spots, presented as tn Fig. 1 IT:.* 
fourth experimental group (lovajuiir. 
shows a modest induction, while the fifir 
group (lovasutin plus choiesiyrammt. 
does not. 




Figure U. Diu on spot MSN:367. presented as in Fig. 11- This P«**£ 
shows unambiguously the anti-synergisiic efTect of lovasutin • nd *"JJ 
tyraraine (fifth group) as compared 10 lovasutin (fourth group) 
ponse contrasts strongly with the regulation pattern seen in Fi»- IU 
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Mister uble of proteins in the rat liver daub*** 1 



Y CPK* SOSMW 
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15 
17 
16 
16 

20 

n 

22 
23 
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311 
S68 
812 
549 
645 
629 
906 
755 
649 
1204 
332 
787 
313 
807 



27 1184 
2B 1263 



29 
30 



743 
768 



32 1216 

33 1145 



1037 
863 
712 
763 
304 
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39 

41 1165 

42 684 

43 1318 

44 1924 

46 1203 

47 1391 

48 309 



49 

.50 
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605 
621 
1113 



52 1820 

53 725 
2001 

722 
678 
1682 
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57 



58 1091 

59 1171 

60 1400 

61 1853 

62 1888 

65 735 

66 1263 

67 12S2 

68 779 
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71 
72 
73 
74 
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638 
1582 
1570 



75 1264 

76 1338 



77 
7B 
79 
80 
61 



1833 
1767 
925 
534 
1811 



82 1412 

83 1471 

84 1662 

85 1596 
66 1817 
B7 516 

88 1S89 

89 1706 
651 

1415 



90 
91 



92 1773 
83 1338 
W 1708 



434 

263 
426 
268 
520 
589 
414 
298 
403 
448 
434 
424 
417 
516 
524 
446 
605 
112 
417 
445 
555 
412 
606 
694 
470 
569 
607 
589 
362 
586 
447 
454 
567 
535 
522 
499 
177 
500 
830 
533 
302 
580 
585 
624 
508 
567 
297 
312 
407 
692 
296 
589 
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583 
556 
621 
564 
363 
565 
738 
698 
363 
681 
347 
563 
479 
301 
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698 
719 
329 
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545 
446 
696 



«45.0 
-243 
•16.0 
-25.2 
-15.3 
-21.6 
-14.0 
-17.5 
•20.9 
4.7 
<-35.0 
-16.6 
<-35.0 
-16.1 
-9.0 
4.0 
-17.8 
-17.2 
4.6 
-9.5 
-11.3 
-14.9 
-18.7 
-17.3 
<-35.0 
-9.2 
-19.6 
-7.3 
-01 
4.7 
4.3 
<-35.0 
-22.5 
-21.8 
-10.0 
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-18.3 
>0.0 
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•21.2 
-3.6 
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-1.5 
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-1.0 
4.0 
•5.0 
•2.7 
4.4 
4.9 
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-3.5 
-2.2 
•20.8 
4.0 
-1.4 
-7.0 
•2.2 



63.800 
102.900 
64.800 
101.000 
55.200 
50.000 
66.300 
90.200 
67.900 
62.100 
63.800 
65,000 
66.000 
56.500 
54.900 
62.400 
49.000 
348.600 
66.000 
62.500 
52.400 
66.600 
48.900 
43.800 
59.800 
51.400 
48.800 
50.000 
74.600 
50.20C 
62.300 
61.500 
50.100 
53.900 
55.000 
57.000 
170.800 
56.900 
37.300 
54.100 
69.000 
S0.60C 
50.300 
47.800 
56.200 
51.500 
90,500 
85.900 
67,300 
43.900 
90.80C 
50.000 
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50.400 
52.300 
48.000 
51.800 
74.400 
51.700 
41.600 
43.600 
74.500 
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77.500 
51.800 
58.900 
89,100 
17.400 
43.600 
42.500 
61.700 
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53.200 
62.300 
43.700 
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90 
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1033 
1406 
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2004 
1106 
482 
665 
773 
312 
1769 
1585 
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1482 
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1728 
1191 
1298 
682 
1146 
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1050 
1530 
838 
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23 
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1298 
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311 
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756 
566 
565 
1149 
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185 
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4**er uble of proteins in the rat liver database, showing spot master number, gel position (x and y) % 
predicted molecular mass (from the standard curve of Fig. 8). 
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Table 4. Computed p/s of some kxiovn proteins related to measured CPK pr s 



PIR #ASP #GLU «HIS #LYS «ARG 





Protein Name 


Name 


3.9 


4.1 


6.0 


10.8 


12^ 


Dl 


0 


Creatine phospho kinase (CPK). rabbit muscle 


. KIRBCM 


28 


27 


17 


34 


18 


6.84 


1 


Fatty acid-binding protein, rat hepatic 


FZRTL 


5 


13 


2 


16 


2 


7.83 


2 


b2- microglobulin, human 


MGHUB2 


7 


6 


4 


8 


5 


6.09 


3 


Car&amoyl-phosohate synmase. rat 


SVRTCA 


72 


96 


26 


95 


56 


5.97 


4 


Proalbumm ( serum aioumm precursor), rat 


ABRTS 


32 


57 


15 


53 


27 


5.98 


5 


Serum albumin, ra: 


ABRTS 


32 


57 


15 


53 


24 


5.71 


6 


Superoxid dismuiase (Cu-Zn. SOD), rat 


A26610 


8 


11 


10 


9 


4 


5.91 


7 


Phospholipase C. phophoinosmoe-specific (?), rat 


A28807 


34 


42 


9 


49 


21 


5.92 


S 


Albumin, human 


ABHUS 


36 


61 


16 


60 


24 


5.70 


9 


Apo A-l lipoprotein, rat 


A24700 


18 


24 


6 


23 


12 


5.32 


10 


proApo A-l lipoprotein, human 


LPHUA1 


16 


30 


6 


21 


17 


5.35 


11 


NADPH cytochrome P-450 reductase, rat 


RDRT04 


41 


60 


21 


38 


36 


5.07 


12 


Retinol binding protein, human 


VAHU 


18 


10 


2 


10 


14 


5.04 


13 


Act in beta, rat 


ATRTC 


23 


26 


9 


19 


18 


5.06 


14 


Art in namma ra* 


ATRTC 


20 


29 


9 


19 


18 


5.07 


15 


Apo A-l lipoprotein, human 


LPHUA1 


16 


30 


5 


21 


16 


5.10 


16 


Apo A-IV lipoprotein, human 


LPHUA4 


20 


49 




£0 


OA 


4.88 


17 


Tubulin alpha, rai 


UBRTA 


27 


37 


13 


19 


21 


4.66 


18 


F1 ATPase beta, bovine 


PWBOB 


25 


36 


9 


22 


22 


4.80 


19 


Tubulin beta, pig 


UBPGB 


26 


36 


10 


15 


22 


4.49 


20 


Protein disulphide isomerase (POI). rat hepatic 


ISRTSS 


43 


51 


11 


51 


9 


4.07 


21 


Cytochrome b5. rat 


CBRT5 


10 


15 


6 


10 


4 


4.59 


22 


Aoo C-li liooorotein. human 


LPHUC2 


4 


7 


0 


6 


1 


4.44 




Amino aoc 1 pi assumed tn calutation: 




3.9 


4.1 


6.0 


10.8 


12.5 





0* 

•3.0 
•5.0 
•5.5 
•62 
•9.0 
•9.2 
•9.2 
•11.9 
•137 
•lO 
•15.6 
•16.9 
•17.2 
"16.6 
•17.5 
•19.7 
•19J 
•21.0 
•22* 
•25.0 
•26.0 
•30.5 
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2-0 Daubttt of rai h*er proteins 



1977 £ 



An updated two-dimensional gel database of rat liver 
proteins useful in gene regulation and drug effect 
studies 

We have improved upon the reference two-dimensional (2-D) electrophoretic 
map of rat liver proteins originally published in 1991 (N. L. Anderson ei at.. 
Electrophoresis 1991, 907-930). A total of 53 proteins (102 spots) are now 
identified, many by microsequencing. In most cases, spots cut from wet. Coo- 
massie Blue stained *2-D gels were submitted to internal tryptic digestion [2], 
and individual peptides, separated by high-performance liquid chromatography 
(HPLC). were sequenced using a Perkin-Elmer 477A sequenator. Additional 
spots were identified using specific antibodies. 



Figure 1 shows the current annotated 2-D map of F344 
rat liver, analyzed using the Iso-DALT system (20 X 25 
cm gels) and BDH 4-8 carrier ampholytes. Both the 
map itself and the master spot number system remain 
the same as shown in the original publication. Table 1 
lists the important features of each identification shown, 
including the gel position, p/, and M, for the most 
abundant or most basic form of each protein. Using this 
extended base of identified spots, a series of four 
improved calibration functions has been derived for the 
p/ and SDS-A/, axes (the first two of which are shown in 
Fig. 2A and B). Both forward and reverse functions are 
derived, so that one can compute the physical properties 
of a spot with a given gel location, or inversely compute 
the gel position expected for a protein having given 
physicaJ properties: 



^ RATLIN ER — /str-R OLIVER \ * -W. SEOt E *CE DE RUE d) 
^RAT LIVER = -/pi- RaT LIVER X ( PA E QUINCE -DE RIVEd) 



M. 



rGEL-DERIVED 



= /. 



RAT LIVER Y 



GEL* DERIVED 



RAT LIVER X-pl V A RATLfVE 



(1) 

(2) 
(3) 
(4) 



A spreadsheet program (in Microsoft Excel) was devel- 
oped to facilitate flexible computation of pfs from 
amino acid sequence data, and the results were entered 
into a relational database (Microsoft Access). A table of 
spot positions and sequence-derived pi's and M r y s was 
fitted with a large series of analytic equations using 
Tablecurve (Jandel Scientific), and the four conversion 
Eqs. (I)— (4), relating computed pi and gel X coordinate, 
or computed molecular weight and gel Y coordinate, 
were selected, based on criteria of simplicity, goodness 
of fit and favorable asymptotic behavior. Table 2 lists the 
equations and coefficients. Application of Eqs. (3) and 
(4) to a spot's A' and Y coordinates, given in [1], produce 
improved M, estimates, and allow computation of p/ 

Correspondence: Dr. Leigh Anderson, Urge Scale Biology Corpora- 
tton. 9620 Medical Center Drive. Rockville, MD 20850-3338 USA (Tel: 
+30M24-5989; Fax: +301-762-4892; email: leighGlsbc.com) 

Keywords: Two-dimensional polyacrylamide gel electrophoresis / Liver 
/ Map / Identification / Calibration 



directly in pH units, instead of in terms of positions rela- 
tive to creatine phosphokinase (CPK) charge standards. 
The inverse Eqs. (1) and (2) were used to compute the 
gel positions of a series of pi and M, tick marks. These 
tick marks were plotted with SigmaPlot (Jandel), 
together with fiducial marks locating several prominent 
spots, and the resulting graphic was aligned over the syn- 
thetic gel image (computed by Kepler from the master 
gel pattern) using Freelance (Lotus Development). Maps 
were printed as Postscript output from Freelance, either 
in black and white (as shown here) or in color, where 
label color indicates subcellular location (available from 
the first author upon request). We have also used the rat 
liver 2-D pattern as presented here to calibrate the pat- 
terns of other samples. Using mixtures of rat liver and 
mouse liver samples, for example, we made composite 
2-D patterns that allow use of the rat pattern to standar- 
dize both axes of the mouse pattern. This was accompli- 
shed by deriving transformations relating the fat and 
mouse X, and separately the rat and mouse Y> axes 
(Table 2, lower half; Fig. 2C and D) based on a series of 
spots that coelectrophorese in these closely related spe- 
cies. These functions were then applied to derive equa- 
tions relating the mouse liver X and Yio p/and SDS-A/ r 
(Eqs. 5 and 6 below). The resulting standardized 2-D pat- 
tern for B6C3F1 mouse liver is shown in Fig. 3. 

^rMOVSE LIVER = A AT LIVER Y-Mr (/mOUSE LIVER Y-RAT LIVER Y 

( ^MOUSE LIVEr)) (5) 

P^MOUSEUVER = AaT LIVER X-pl (/mOUSE LIVER X -RAT LIVER X 

■ C^MOUSE LIVE*)) (6) 

A slightly more complex approach can be used to stand- 
ardize samples that have few or no spots co-electropho- 
resing with rat liver proteins. In this case, a 2-D gel is 
prepared with a mixture of the two samples, and four 
functions (forward and backward, each for X and Y) are 
derived relating each sample's own master pattern to the 
composite. The required functions are then applied in a 
nested fashion to yield the desired result (using rat 
plasma as an example): 

RAT PLASMA = AaT LIVER Y-Mr C/raT PLASMA* LIVER Y-RATUVER Y 

(/rat PLASMA Y-RAT PLASMA *UVER Y ( ^RaT PLASM a))) 

(7) 
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3-D Diubait of r»i liver proteins 



1979 



MSN" 


Protein IDb) 


Protein Dime 


Identification comments 


Gel JT J 


Experimental 

r* 


Gel )*' 


Experimental 


tifii iisa 

1 IM, USD, 


rpeu PaT 




2-D of pure protein; comnrrned by 


1453.56 


6.05 


181.64 


160 640 


Hi 171 1 1 ft 




synthase 


AMerminal sequence and AAA 










C 1 Cl 1 Cl 
J. 10/, 13/ 
















3*. 01 


PaTa P AT 
UA1 A_I\AI 




Internal sequence 


2000.81 


6.73 


499.64 


58 968 


1 ll 
1 JO 


PHY1 P AT 


L.UA-11 


AO (J. w. Taanman), coniirmed by 


452.57 


4.61 


1062.67 


25 504 








internal sequence 










0/ 




Cytochrome B5 


2-D of pure protein; Ab; confirmed 


515.68 


4.73 


1370.55 


18 493 








by AAA 










• 1 
41 


/•v.o AT" 


Cytoke ratio 


Location in cytoskeletal fraction 


1165.12 


5.75 


569.09 


51 *48 


10 
17 


f*t.P AT*' 


Cytoke ratio 


Location in cytoskeletal fraction 


743.11 


5.15 


605-23 


48 187 


3. 11 


cupi P aT* j 


Endoplasmic 


Ab (F. Witzmann) 


567.73 


4.83 


26337 


112 194 


60 


FKOA rat 


Pnnlat* A 
LOUIW a 


Internal sequence and AAA 


1399.78 


A nn 
o.uu 


ou 


AC CIA 
*0 0'4 


ii 

1 / 


corn p aT 




A'-Terminal sequence fR. M. Van Frank) 


11 84 JO 


5.77 


52J.51 


cc yea 
56.169 


l / 


aTPP PaT 
AJ rD_KAl 


r i ai rue p 


A'-Terminal sequence and AAA 


629.06 


A AC 

4.95 


588.BJ 


49 620 


I TO 


a TP"? P aT 
Al r '.RAI 


f 1 Al rue o 


Internal sequence 


1227.24 


5.82 


1 10J £C 

1184.05 


22 310 


7Q 

17 


F1AP PAT 


Fructose* 1.6*bis*pho$pbatase 


Uncertain; by comparison with ID in 


924.54 


5.** 


til. it 


ie oce 
38 858 








Garrison and Wager (JBC 257:13135-13143) 










62 78 


nuci OAT 


uiuuzniic ucoyurugEuasc 


AT-Terminal sequence and internal sequence 1887 J 9 


OJj 




<1 ICC 
51 055 


ju 


HAST. RAT" 


fiAwi*!. n-oyuroxyaryi- 


Internal sequence 


1297.94 


< fiO 

5.07 


fi£1 CC 

SOU; 


11 1*16 

31 03a 






inline auuouiimcnx 












JU/ 


Hfil PaT 


Heme oxygenase 1 


Uncertain; available data from internal 


121939 


5.81 


01 < 11 

715.71 


in in 
3D 413 








sequence 










413, 1250, 


HMCS.RXT 


HMu coa syntnase, 


Ab (J. Germersnausen) 


1033.48 


t CO 


538.13 


CJ *11 

54 571 


933 
















133, 144. 235 


HMCS.RAT 


nravj loa synuia&c. 


Ab (J. Germersnausen), Af-terminal 


666.40 


c n*) 


imo i? 


10 511 






tniiowjuDunu drag' 


sequence (Steiner/Lottspeicb) 










8. 23. 1307 


HS7C.RAT 


HSC-70 


Positional homology (with human, etc.) 


811.87 




i?^ *\(\ 


07 Jl I 








through coelectropboresis 










15. 25, 110 


P60.RAT 




Ab (F. Witzznan); confirmed by AMerminal 


845.09 


J J*l 




3D 301 








sequence and AAA 










971 


HS70-RAT' 


HSP-70 


Ab (F. Witzman) 


976.11 


5^1 


437.14 


67 674 


1216, 1215, 90 HS90-RAr' 


HSP-90 


Ab (F. Witzman) 


659.86 


5.00 


329 


90 107 


256 


INGI-HUMAN 




Internal sequence 


993.85 


5-54 


1006.04 


27 237 






o rot tin 












415, 734 


LAMB-RAT" 


Lamin B 


Positional homology with human through 


737.10 




1?< 1Q 


07 QlJ 




LAMR-RAT 0 




coelectropboresis, nuclear location 










80 


Lamioin receptor 


Internal sequence 


534.02 


A Tf 


07 / .Ol 


♦»! 31/ 


227 


FABL.RAT 


L'iADr lllTCI 1*11} ItlU 


Ab (N. M. Bass) 


1586.09 


k IS 
0.16 


1483.43 


16 622 






DIDDIDg PlOlCIu/ 












134 


MDHC.MOUS 
E 




Internal sequence 


1270.85 


5.86 


861.96 


32 620 


18, 35. 226 


GR75-RAT' 


Mii£aB*3' t*m75 


Positional homology with human through 


905.67 


5.41 


413.67 


71 589 








coelectropboresis 










175, 251 


NCPR.RAI 


NADPH PHO rcrfueuv 


2-D of pure protein 


824.69 




393 2 1 


75 366 


1168, 1170, 


PDI.RAT 


PD1* Prnt^in Hi«nifftH# 


MTcrminaJ sequence (R. M. van Frank), Ab 


564J0 


4.83 


528.47 


55 618 


1171 




INIOCllX 












47, 93 


ALBU.RAT 


' rr ^^ 1 nil m in 


Microsomal lumen location, p/, M t relative 


1391.03 


J. 77 


446.68 


66 195 








to albumin 










236 


APAl.RAT 


Prn_APr\ A.l tinAnrAtaifl 

rro-Aru a*i upoproiciD 


Coelectropboresis with plasma protein 


920.41 




113? 51 


23 467 


320 


IPK1.B0V1N 


Ptnigin tin no f tnhiHitnr 1 


Internal sequence; homology with bovine 


1480.01 


6.08 


1458.81 


17 007 








protein 










152 


PNPH.MOUSE 


Purine Bufleocide 


Internal sequence 


1507.19 


6.10 


911.16 


30 599 






povspuoryroc 












1179. 1180, 


PYVC-RAT 0 


Pvttj vstp ea f+» n tv1*c^ 


Tentative; 2-D of pure protein (J. G. 


1485.10 


6.08 


22332 


131 589 


1181, 1182, 






Henslee, JBQ 1979); reponed in Biochim. 










1183 






Biophys. Acta 1022, 115-125* 










55, 103 


SM30.RAT 


SMP*30 - SfnMe*n» 


Internal sequence 


721.71 


5.11 


830.10 


34 051 






BlliiCi pruiciD JV 












135 


SODC.RAT 


Superoxide dismutase 


AAA; comfirmed by internal sequence 


1161.24 


5.74 


1388.68 


18 173 








(R. M. Van Frank) 










172 


TPM-RAT" 


Tm: tropomyosin 


Location in cytoskeleion, 2-D position 


476.24 


4.66 


957.86 


28 865 








relative to human, Ab 










277, 56 


TBAl.RAT 


Tubulin a 


Positional homology, with human through 


638.22 


5.06 


537.67 


54 620 








coelectropboresis, cyioskeletal location 










50, 1225 


tbblrat 


Tubulin 9 


Positional homology with human through 


62U9 


4.93 


535.48 


54 855 








coelectropboresis, cytoskeletal location 










1224 


VIME_RAT 


Vimentin 


Positonal homology with human through 


673.00 


5.03 


53930 


54 426 








^electrophoresis, cyioskeletal location 











THIS PAGE BUNK (uspto) 



Eitamtkomu 1995. /6. 1977-1911 



2*D Database of m liver proiems 
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B6C3F1 MOUSE LIVER 2-D PROTEIN PATTERN M £E2Z£22Z££i 'ISSSETSSSST 
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so — 
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7— toe 



•^^^ SSs * \ antrum • • " • * ^* . _ ,_— _ — — — 50 




sr.- ^ 



Mitochofvjju Microsome ) f— 
P c o xaomc Cytoiktkton [ 
Nuclei Plasm* Cvtoaolj 



^ * ^[ Confirmed Emtrinr ) ~ 



I I I I I < I 1 



I I I I 



TMi 

74 



Pi 



f/^urr i. Master 2-D gel pattern for B6C3F1 mouse liver, standardized using the F344 rat liver pattern identifications, according to the method 
described in the text. Twenty-nine proiems are identified. 



PAlAT PLASMA — /raT LIVER X-pl C/raT PLaSMa ♦ LIVE* X-RAT LIVER X 

(/rat plasma x-rat plasma ♦liver x C^rat plasma))) 

(8) 

This unified approach, in which one well-populated 2-D 
pattern is used to standardize a family of other patterns, 
has the additional advantage that the resulting pi and M t 
scales are directly compatible. Hence one can compare 
the relative pfs of mouse and rat versions of a se- 
quenced protein in a consistent pi measurement system, 
and select likely inter-species analogs based on posi- 
tional relationships on common scales. Adoption of 
immobilized pH gradient (IPG) technology [4—7] will 
result in substantial improvements in pi positional 
reproducibility for standard 2-D maps such as those pre- 
sented here; however, we believe that our approach will 
continue to be useful in establishing the empirical pH 
gradient actually achieved by such gels under given 
experimental conditions (temperature, urea concentra- 
tion, etc.), in relating patterns run on different IPG 
ranges and using different lots of IPG gels (between 
which some variation will persist). Development of 
rodent organ maps is a continuing effort in our laborato- 
ries [8-10], and results in regular additions of identified 
proteins. Those who wish to receive current rodent liver 
maps, with color annotations, should send a stamped 
self-addressed envelope to the first author. 



We would like to thank the individuals who provided anti- 
bodies mentioned in Table 1, and R. M. van Frank for un- 
published sequenced data. 
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Introduction 

The advent of large genome sequencing projects has changed the scale of hi... 
Over a relatively short period of ttme. we have wiuieM^el^l^ 
complete nucleotide sequence for bacteriophage X (Sanger « a! 1 98 he I!, 5' 
sequence of an eukaryo.ic chromosome (Oliver,; al 1 99 ") and « ^ - T 
see the deflation of all open reading frames of some^ S ' 
Mycoplasma pneumoniae. Escherichia coli. Saccharomvces /ere Z Cue, or 

are not an end ,„ themsle ves. In fact, they only represent a stamina poL ,o KS 
mg the funcuon of an organism. A great challenge that bioloeis^ now fac "s howl," 
co-express.on of thousands of genes can best be examined 'under ph^o 0 IC a and 
P^ophvs.olog.ca. conditions, and how these patterns of express.on den^^ 

There are two approaches that can be used to examine eene exnre«inn „„ . 

The mos, promising nucleicacid based technology is differential dispiay of mRNA 
(Liang and Pardee. 1992: Bauer el al.. I991| which uses ™i, m . 1 01 mKN A 

■o an expressed gene or par, of a gene. However. 

moue can be developed to re„ab,y assay the expression of thVu " of'gt s t 
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identify all cDNA species, and the approach does not easily allow a systematic 
screening. Analysis of gene expression by the study of proteins present in a cell or 
tissue presents a favorable alternative. This can be achieved by use of two-dimensional 
(2-D) eel electrophoresis, quantitative computer image analysis, and protein identifi- 
cation techniques to create 'reference maps' of all detectable proteins. Such reference 
maps establish patterns of normal and abnormal gene expression in the organism, and 
allow the examination of some post-translational protein modifications which are 
functionally important for many proteins. It is possible to screen protein* systemati- 
cally from reference maps to establish their identities. 

To define protein-based gene expression analysis, the concept of the •proteome' 
was recently proposed (Wilkins et al.. 1995: Wasingere/<//.. 1995). A proteome is the 
entire PROTein complement expressed by a genOME. or by a cell or tissue type. The 
concept of the proteome has some differences from that of the genome, as while there 
is onlv one definitive genome of an organism, the proteome is an entity which can 
change under different conditions, and can be dissimilar in different tissues of a single 
organism. A proteome nevertheless remains a direct product of a genome. Interest- 
ingly, the number of proteins in a proteome can exceed the number of genes present, 
as protein products expressed by alternative gene splicing or with different post- 
translational modifications are observed as separate molecules on a 2-D gel. As an 
extrapolation of the concept of the 'genome project", a 'proteome project" is research 
which seeks to identify and characterise the proteins present in a cell or tissue and 
define their patterns of expression. 

Proteome projects present challenges of a similar magnitude to that of genome 
projects. Technically, the 2-D gel electrophoresis must be reproducible and of high 
resolution, allowing the separation and detection of the thousands of proteins in a cell. 
Low copy number proteins should be detectable. There should be computer gel image 
analysis systems that can qualitatively and quantitatively catalog the electrophoretically 
separated proteins, to form reference maps. A range of rapid and reliable techniques . 
must be available for the identification and characterisation of proteins. As a conse- 
quence of a proteome project, protein databases must be assembled that contain 
reference information about proteins: such databases must be linked to genomic 
databases and protein reference maps. Databases should be widely accessible and easy 
to use. 

Recently, there have been many changes in the techniques and resources available 
for the analysis of proteomes. It is the aim of this chapter to discuss the status of the 
areas outlined above, and to review briefly the progress of some current proteome 
projects. 

Two-dimensional electrophoresis of proteomes 

Two dimensional (2-D) gel electrophoresis involves the separation of proteins by their 
isoelectric point in the first dimension, then separation according to molecular weight 
by sodium dodecyl sulfate electrophoresis in the second dimension. Since first 
described (Klose. 1975: OTarrell. 1975: Scheele. 1975). it has become the method of 
choice for the separation of complex mixtures of proteins, albeit with many modifica- 
tions to the original techniques. 2-D electrophoresis forms the basis of proteome 
projects through separating proteins by their size and charge (Hochstrasser el al.. 
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Figure 1. Two-dimensional eel electrophoresis map of a human hepatoblastomj-derivcd cell line, 
illustrating the very high resolution of the technique. The first dimensional separation inght to left of fiuurci 
was achieved using immobilised pH gradient electrophoresis of 4.0 to 10.0 units. The second dimension 
nop to bottom of figure) was SDS-PAGE using a 115-14 9 acrylamidc gradient, allowing separation in 
the molecular weight range 10-250 kDa. Proteins were visualised n\ siKcr suining. Arrows show proteins 
of known identity. 



1 992; Celis £>/<//., 1993:Garrels and Franza. 1989: VanBogclenr/0/., 1992). Current 
protocols can resolve two to three thousand proteins from a complex sample on a 
single gel (Figure /). 

:-D GEL RESOLUTION AND REPRODUCIBILITY 

A primary challenge of separating complex mixtures of proteins by 2-D gel electro- 
phoresis has been to achieve high resolution and reproducibility. High resolution 
ensures that a maximum of protein species are separated, and high reproducibility is 
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vital to allow comparison of gels from day to day and between research sites. These 
factors can be difficult to achieve. 

Carrier ampholytes are a common means of isoelectric focusing for the first 
dimension of 2-D electrophoresis. Gels are usually focused to equilibrium to separate 
proteins in the pi range 4 to 8. and run in a non-equilibrium mode (NEPHGE) to 
sepaiate proteins of higher pi (7 to 1 1.5) (OTarrell. 1975: O'Fanell. Goodman and 
O'Furrell. 1977). Unfortunately, the use of carrier ampholytes in the isoelectric 
focusinc procedure is susceptible to 'cathode drift', whereby pH gradients established 
b> p -efocusing of ampholytes slowly change with time ( Righetti and Dry sdale. 1 973 ). 
Carr.er ampholvte pH gradients are also distorted by high sait concentration of 
samples (Bjellqvistm//.. 1982). and by high protein load (O'FarrLil. 1975). A further 
limitation is that iso electric focusing gels, which are cast and subject to electrophore- 
sis in narrow glass tubes, need to be extruded by mechanical means before application 
to the second dimension - a procedure that potentially distorts the gel. Nevertheless, 
manv of the above shortcomings can be avoided by loading small amounts of U C or :i S 
radiolabeled samples (Garrets. 1989: Neidhardt er al.. 1989: Vandekcrkhove ci al.. 
1990). Hish sensitivity detection is then achieved through use of fluorography or 
phosphorimaging plates (Bonner and Laskey. 1974: Johnston. Pickett and Barker. 
1990: Patterson and Latter. 1993). However, this approach is only practicable for 
organisms or tissues that can be radiolabeled. 

An alternative technique, which is becoming the method of choice for the first 
dimension separation of proteins, involves isoelectric focusing in immobilized pH 
gradient (IPG) gels <BjeIlqvist£7 1982: Gbrg. Postel and Gunther. 1988: Righetti. 
1990). Immobilized pH gradients are formed by the covalent coupling of the pH 
cradient into an acrylamide matrix, creating a gradient that is completely stable with 
time. IPG gels are usually poured onto a stiff backing film, which is mechanically 
strons and provides easy gel handling (Ostergren. Eriksson and Bjellqvist. 1 988 ). The 
major advantages of IPG separations are that they do not suffer from cathodic drift. * 
thev allow focusing of basic and very acidic proteins to equilibrium. pH gradients can 
be preciselv tailored (linear, stepwise, sigmoidal). and that separations over a ver\ 
narrow pH range arc possible (0.05 pH units per cm) (Righetti. 1990; Bjellqvist a ai. 
1982. 1993a: Sinha a al.. 1990: Gorg et at.. 1 988; Gelfi ct al.. 1987: Gunther a al.. 
1 988 j. However, it i^ not currently possible to use IPG gels u> separate very basic 
proteins of isoelectric point greater than 10. although this is under development. 
Narrow pH range separations are useful to address problems of protein co-migration 
in complex samples, allowing 'zooming in" on regions of a gel [Figure 2). IPG gel 
strips are now commercially available, which begin to address the problems of intra- 
and inter-lab isoelectric focusing reproducibility. 

There are two means of electrophoresis for the second dimension separation of 
proteins: vertical slab gels and horizontal ultrathin gels (Gorg. Postel. and Gunther. 
1988). Both are usually SDS-containing gradient gels of approximately 1 17r to 15 ^ 
acrylamide. which separate proteins in the molecular mass range of 10 - 15()kD. A 
stacking gel is not usually used with slab gels, but is necessary when using horizontal 
gel setups (Gorg. Postel and Gunther. 1988). Comparisons have shown that there is 
little or no difference in the reproducibility of electrophoresis using either approach 
(Corbett ci al. 1994a). but commercially available vertical or horizontal precast gels 
will provide greater reproducibility for occasional users. For slab gel electrophoresis. 
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Figure 2. Tuo-dimensional pel electrophoresis allows "zooming in' on areas of interest Rmcs hejlilicht 
2 proteins common to each cel. <A> Wide pi ranee two dimensional electrophoresis map of human plasma 
proteins First dimension separation was acheivcd using an immobilised pH gradient of 3.5 to 10.0 units. 
The second dimension was SDS-PAGE. Actual gel size was 16cm x 20cm. and proteins were visualised 
uith silver staining. (B) Narrow pi range electrophoresis was used to "zoom in' on a small rcizion of the 
plasma map The first dimension used a narrow range immobilised pH gradient of 4.2 to 5.2 units, and 
second dimension was SDS-PAGE. Micropreparative loading was used, and the gel blotted to PVDF. 
Proteins were visualised with amido black. Actual blot size was 16cm x 20cm. 

the use of piperazine diacrylyl as a gel crosslinkerand the addition of thiosulfate in the 
catalyst system has been shown to give better resolution and higher sensitivity 
detection (Hochstrasser and Merril. 1988; Hochstrassen Paichomik and MerriL 
1988). 
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Notwithstanding the advances described ab^ve. there is jn increasing demand to 
improve the reproducibility of 2-D electrophoresis to facili ! ate database construction 
and proteome studies. Harrington et al ( 1993) explain that if a gel resolves 4000 
protein spots, and there is 99.59c spot matching from gel to gel. this will produce 20 
spot errors per gel. This amount of error, which might accumulate with each gel to gel 
comparison used in database construction, could produce an unacceptable degree of 
uncertainly in gel databases. To address these issues, panid automation of large 2-D 
°el separations has been undertaken (Nokihara, Morita and Kuriki. 1992; Harrington 
et al. 1993)- Although results are preliminary, spot to spot positional reproducibility 
in one study was found to be threefold improved over manual methods ( Harrington et 
al. 1993). It should be noted that small 2-D gel formats '.50 x 43 mm) have been 
almost completely automated (Brewer et al. 1986). although these are not generally 
used for database studies. 

MICROPREPARATIVE 2-D GEL ELECTROPHORESIS 

With the advent of affordable protein microcharacterisation techniques, including N- 
terminal microsequencing. amino acid analysis, peptide mass fingerprinting, phosphate 
analysis and monosaccharide compositional analysis, a new challenge for 2-D electro- 
phoresis has been to maintain high resolution and reproducibility but to provide 
protein in sufficient quantities for chemical analysis (high nanogram to low microgram 
quantities of proteins per spot). This becomes difficult to achieve with very complex 
samples such as whole bacterial cells, as the initial protein load is divided among 2000 
to 4000 protein species. Two approaches are used for producing amounts of material 
that can be chemically characterised. The first method is to run multiple gels, collect 
and pool the spots of interest, and subject them to concentration {ha al. 1 994; Walsh 
et al. 1 995: Rasmussen et al. 1 992 ). In this approach, the concentration process must 
also act as a purification step to remove accumulated electrophoretic contaminants 
such as glycine. A more elegant approach has been to exploit the high loading capacity 
of IPG isoelectric focusing. The high loading capacity of immobilised pH gradients 
was described early (Ek. Bjellqvist and Righetti. 1983). but has only recently been 
applied to 2-D electrophoresis (Hanash<v al. 1991 : Bjellqvist et al. 1993b). Up to 15 
ms of protein can been applied to a single gel. yielding microgram quantities of hun- 
dreds of protein species. A further benefit of this approach is that proteins present in 
low abundance, which may not be visualised by lower protein loads, arc more likely 
to be detected. The use of electrophoretic or chromatographic prefractionation tech- 
niques ( Hochstrasser et al. 1 99 1 a: Harrington et al. 1 992 ). followed by high loading 
of narrow-range IPG separations ( Bjellqvist et al. 1 993b ) provides a likely solution to 
studies on proteins present in low abundance. 

Methods of protein detection 

There are many means for detecting proteins from 2-D gels. The method used will be 
dictated by factors including protein load on gel (analytical or preparative), the 
purpose of the gel (for protein quantitation or for blotting and chemical characterisa- 
tion), and the sensitivity required. The most common means of protein detection and 
their applications are shown in Table 1. Most detection methods have drawbacks, for 
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Table 1: 0--rr>on stai.is for 2-D eels or blois and their applications. 



Detection 
Method 



Main 

applications 



Unsuitable 
application!; 



S?ntni\ii\ 



Rctrrenccs 



i :, S) Met or "C 
radiolabcllmg and 
fiuoroernph> or 
phosphonmacing 

[ "Slthiourea silver 



Silver 



Coomassie blue 
R-250 



Colloidal sold 



Zmc imidazole 



Ponceau S and 
amido black 



India ink 



Siainv-all 



Cell lines, 
-uliured nrcanisms 



Extremely hich 
<;ensitivn\ gel 
turning 

\'cr> high scnsi- 
i-vn\ eel staining, 
can be mono or 
polychromatic 

Staining of gels; 
staining of PV'DF 
membranes before 
protein sequencing 



Staining NC 
membranes, 
staining PV'DF 
before direct 
MALDI-TOF 

Reverse staining 
of gclvor mem- 
branes: may be 
beneficial in 
MALDI-TOF 
of peptides 

Staintng higher 
protein loads on 
PV'DF. for protein 
sequencing or amino 
acid analysis 

Staining of 
membrane-bound 
proteins: staining 
PV'DF before direct 
MALDI-TOF 

Staining to detect 
glycoproteins or 
Ca : * binding 
proteins 



Samples that 
cannot be labelled 



Preparative 2*D: 
PVDF or NC 
mcmhranes 

Preparative 2-D: 
PVDF or NC 
membranes 

Staining prior to 
direct mas* deter- 
mination from 
PV'DF: amino acid 
analysis on PV'DF: 
detection of some 
glycoproteins 

Gels 



Where positive 
image is required 



Staining prior to 
direct mass 
determination from 
PVDF 

Gel staining: not 
quanutait\c from 
protein to proicin 



General gel staining 



2d ppm of GarieU and Fun/a. 

radmlahcl in l^sv. 

a spot Lailum. Garrc\ and 
Soher. |yo; 

0.4 ng protein Wallace and Salu/.. 

on spot or hand 1 992a. h 
of gel 

4 ng proicin Rnbilloud. l ou 2. 

on spot or Hochstravxcr and 

hand of eel Mcrril. I9XX 



40 ng protein 
on hand or 
spot of gel 



60 * higher 
than 

coomassie 



Higher than 
coomassie 



100 ng 
protein on 
band or spoi 
of gel 

1-IOnc 



Strupai ct at.. 1994: 
Gharahdadu rt at.. 
IV92: 

Gitldhcrg rt at.. I^XS: 
Sanchez rt at.. 1992 



Yamaguchi and 
Asakawa. 1988: 
Eckcrskorn n at.. 
1992: 

Strupai ct at.. 1994 

Ortiz rial.. 1992: 
James rial.. 1993 



Sanchez ct at.. 1992: 
Strupai rt at.. \W4. 
Wilkin> rt al.. 1995. 



Li rtat.. I9S9: 
Hughes. Mack and 
Hampanan. I^XX; 
Strupai ct aL. 1994 



1(H) ng protein Campbell. 

on hand or MacLcnnan and 

spot ol gel Jorgcnscn. 19X3: 

Goldberg ct al.. I9XX 



PVDF = pol> \in> iidenc ditlunridc. NC = nitrocellulose. M ALDI-TOF = innmx j^mmcJ Ij^er ilctorptmn mnis.iimn time 
oi flight mas* spcciromciry. 

example, some glycoproteins are not stained by coomassie blue (Goldberg ci al. % 
1 988 ). and many organic dyes are unsuitable for protein detection on PVDF if samples 
are to be used for direct matrix-assited laser desorption ionization mass spectrometry. 
(Strupai ct ai. 1994). 

Although most means of protein detection give some indication of the quantities of 
protein present, in general they cannot be used for global quantitation. This is because 
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no proieii. stain is able consistently to detect proteins over a w^le range of concentra- 
tions, isoelectric points and amino acid compositions, and with a varietx of 
post-translaiional modifications (Goldberg ei aL. 1988: UctaL. 1 989 1. Furthermore, 
there are larse differences in staining pattei n when identical gels or blo.s are subjected 
to different stains, including amido black, imidazole zinc, india ink. ponceau S. 
colloidal sold, or coomassie blue (Tovey. Ford and Baldo. 19R7; Ortiz a aL. 1992). 
The ir.uM common means of quantitatins large number^ of protein- in a 2-D gel 
involves the radiolabclling of protein samples prior to electrophoresis, and protein 
quanrtaiion based on fluorography and image analysis or liquid scintillation counting 
(Garrels. 1989: Celis and Olsen. 1994). However, proteins which do not contain 
ineihion.;ie cannot be detected if only ["S] methionine is used for labelling. Amino 
acid analvsis of protein spots visualised by other techniques presents a likely means of 
protein quantitation for the future. 



BLOTTING OF PROTEINS TO MEMBRANES 

Electrophoretic blotting of proteins from two-dimensional polyacrylamide gels to 
membranes presents many options for protein identification and microcharacierisation 
which are not possible when proteins remain in gels. For example, when proteins are 
blotted to polyvinylidene difiuoride (PVDF) membranes, they can be identified by N- 
terminal sequencing, amino acid analysis, or immunoblotting. or they may be subjected 
to endoproteinase digestion, monosaccharide analysis, phosphate analysis, or direct 
matrix-assisted laser desorption ionisation mass spectrometry (Matsudaira. 1987; 
Wilkinsr/f//.. 1995: Jungblutm//.. 1994; Sutton etaL. 1995: Rasmussentv aL. 1994: 
Weizthandler a aL. 1993: Murthy and Iqbal. 1991: Eckerskorn ct aL. 1992). It is 
possible to combine of some of these procedures on a single protein spot on a PVDF 
membrane (Packer ci aL. 1995: Wilkins a aL. submitted; Weizthandler <'/ <//.. 1993). • 
This is useful when minimal amounts of protein are available for analysis. These 
techniques will be explored in detail later in this review. Notwithstanding the above, 
there are some disadvantages associated with blotting of proteins to membranes. 
There is alwavs loss of sample during blotting procedures ( Eckerskorn and Lottspcich. 
1993). and common protein detection methods are less sensitive or not applicable to 
membranes {Tabic 1 \. presenting difficulties for the analysis of low abundance 
proteins. Detailed discussion of the merits of available membranes and common 
blottine techniques can be found elsewhere ( Eckerskorn and Lottspcich. 1 993: Strupat 
ci aL. 1994: Patterson. 1994). 

2-D gel analysis, documentation, and proteome databases 

Followins protein electrophoresis and detection, detailed analysis of gel images is 
undertaken with computer systems. For proteome projects, the aim of this analvsis is 
to catalogue all spots from the 2-D gel in a qualitative and if possible quantitative 
manner, so as to define the number of proteins present and their levels of expression. 
Reference eel images, constructed from one or more gels, form the basis of two- 
dimensional sel databases. These databases also contain protein spot identities and 



